Phe-tRNA (anticodon GAA)-polypeptidechain elongation factor Tu-GTP ternary complexes react faster with ribosomes programmed with UUC codons than with ribosomes programmed with UUU codons. A similar preference is shown by Leu-tRNA2 (anticodon GAG) complexes, which react faster with ribosomes programmed with CUC than with those programmed with CUU. The difference is seen in the rate of ternary-complex binding to the ribosome; no differences are seen in peptide-bond formation. Highly expressed mRNAs in Escherichia coli favor codons terminating in cytosine rather than uracil when both codons are read by a single tRNA with an anticodon beginning with guanine. The results suggest that intrinsic differences between the efficiencies of synonymous codons play an important role in modulating gene expression in E. coli.
The genetic code is degenerate in that most amino acids may be specified by more than one codon. In the extreme case, incorporation of serine, arginine, or leucine may be directed by six different codons. Whether apparently synonymous codons behave differently in translation has been much debated; the choice of one codon over another might then modulate gene expression. That many organisms show a significant bias in the codons used in highly expressed genes (1, 2) supports this possibility. Indeed, there is direct evidence that codon choice can affect translation: replacing a rare leucine codon by a common one in the attenuator region of the leu operon of Salmonella typhimurium prevents attenuation (3) and replacing common codons with rare ones can reduce the amount of resulting protein (4) . Pederson (5) and Varenne et al. (6) have provided a rationale for the preferential use of codons by showing that the presence of rare codons in highly expressed mRNAs is associated with slower translational rates (5) and that pauses in the synthesis of colicin El in vivo occur in regions of the mRNA containing rare codons (6) .
Preference for one codon over another may be based on the structure of the translational apparatus (ribosomes, mRNAs, and tRNAs) or on extrinsic factors like the cellular concentrations of aminoacyl-tRNAs (aa-tRNAs). The latter factors are clearly important because the rate of aa-tRNA binding to ribosomes is proportional to its concentration (7) , and the aa-tRNAs used to translate the codons favored in highly expressed genes are generally present at high concentrations in the cell (8) . However, it is also possible that the translational apparatus intrinsically prefers one codon over another. This sort of specificity would be very instructive concerning the nature of the translational apparatus and might even explain the evident coevolution of bias in codon usage and tRNA pools.
Evidence for some inherent specificity in the translational apparatus is provided by the finding of Parker and his colleagues (9) that Lys-tRNA is more likely to react with ribosomes programmed with the noncognate AAU codon (Asn) than with ribosomes programmed with the synonymous noncognate codon, AAC. However, demonstrating that cognate aa-tRNAs distinguish between ribosomes programmed with synonymous codons has been difficult. Recent advances in the synthesis of simple mRNAs and in techniques for measuring the kinetics of in vitro protein synthesis now allow us to measure in vitro the rate constants for the reaction of an aa-tRNA ternary complex (TC) with ribosomes programmed by synonymous codons. In this paper we show that synonymous codons do differ in the rate with which they direct ribosomes to react with the cognate aa-tRNA in vitro and that an intrinsic specificity for certain codons is built into the translational apparatus. In a parallel series of experiments J. Curran and M. Yarus (unpublished work) demonstrated that the same set of synonymous codons are translated at different rates in vivo. Therefore, the specificity we see in vitro is probably physiologically significant and could direct the evolution of codon bias.
MATERIALS AND METHODS Sources of tRNAs, radioactive amino acids, and 32P-labeled inorganic phosphate have been described (7, 10) , except that tRNALeU and tRNALeU were purchased from Subriden RNA (Rollingbay, WA) and N-formylmethionine-specific tRNA was purchased from Boehringer Mannheim.
Formylmethionyl tRNA (fMet-tRNA) was prepared by the method of Dubnoff and Maitra (11) . Purified initiation factors (IF-1, IF-2, and IF-3) were prepared according to Hershey et al. (12) . Free ribosomes and ribosomes programmed with poly(U) and with N-acetylphenylalanine-tRNA in the peptidyl (P) site were prepared and assayed according to Thomp- son and Dix (10) . TCs of [3H]aa-tRNA, polypeptide-chain elongation factor of Tu (EFTu), and [y-32P]GTP were prepared as described (13) .
To prepare plasmids encoding the required mRNAs the following synthetic oligodeoxyribonucleotides were made on the Applied Biosystems model 380A synthesizer: 1, GGAG-TAATCATGCTGAAGAGCT. Pairs of these were hybridized, and the resulting duplexes were ligated into pGEM-2 (Promega Biotec, Madison, WI) previously cut with Sac I and Pst I according to standard methods (14) . Oligonucleotides 1 and 2 were used to prepare the plasmid encoding RNA containing the codon UUU, oligonucleotides 3 and 4 were used for the codon UUC, oligonucleotides 5 and 2 were used for the codon CUU, oligonucleotides 6 and 4 were used for the codon CUC, and oligonucleotides 7 and 2 were used for the codon CUG. As expected, the presence of up to two mismatches did not hinder the hybridizing and cloning. The ligation reaction mixture was used directly to transform competent JM107 cells as described by Mandel and Higa (15) , and colonies containing the plasmid of interest were selected by their ability to hybridize to 32P end-labeled oligodeoxyribonucleotide encoding the appropriate RNA. This determination was by the method of Woo (16) using tetraethylammonium chloride wash solutions as described by Wood et al. (17) .
mRNA was prepared by in vitro transcription of the appropriate plasmid, which had been previously linearized by incubation with EcoRI (1600 units per 300 ,ug of DNA). The reaction mixture was extracted with phenol, with phenol/ chloroform (1:1), and then with chloroform. The DNA was then ethanol precipitated and resuspended in 50 y1 of 10 mM Tris HCl, pH 8.0/1 mM EDTA. The transcription reaction contained 58 pg of linearized plasmid, 150 units of RNasin, 150 pig of bovine serum albumin, 1000 units of T7 RNA polymerase (Promega Biotec), and 150 nmol of each ribonucleotide in 1.5 ml of 40 mM Tris HCl, pH 7.5/6 mM MgCl2/2 mM spermidine/10 mM NaCl/10 mM dithiothreitol. After 1 hr at 37°C the RNA was purified by being extracted first with phenol and then with ether, as described for aa-tRNA (13) . The RNA was precipitated with 2.5 volumes of ethanol from 2 M ammonium acetate. The RNA pellet was dissolved in 100 ,ul of water and purified from any remaining unincorporated nucleotide using a 0.5-ml Bio-Gel (Bio-Rad) P-6 spin column equilibrated in 2 mM KOAc, pH 4.5/50 mM KCL. Typically, 80-120 pg of RNA was recovered based upon one A260 unit being equivalent to 40 pg of RNA. The A26o/A2m, ratios were 2.0 ± 0.1.
Ribosomes were programmed with these RNAs by incu- 
RESULTS
The mRNAs used in this study are 52 nucleotides long and are identical apart from the three bases after the translational initiation codon. The mRNAs were made by in vitro transcription of synthetic DNA cloned between the Pst I and Sac I sites of plasmid pGEM2 (Promega Biotec). All mRNAs were designed to have the general sequence shown below, where XYZ is the codon to be tested, AUG is the initiation codon, and GGAGGA is the Shine-Dalgarno sequence:
Polyacrylamide gel electrophoresis of the purified transcripts showed the RNAs to be homogeneous and of the expected size ( Fig. 1) .
We tested the ability ofthese synthetic mRNAs to properly initiate protein synthesis by incubating them with ribosomes, purified initiation factors, fMet-tRNA, and GTP. As shown in Table 1 , the ribosomes bound fMet-tRNA, and this binding was dependent on initiation factors and on mRNA. When ribosomes initiated on mRNAs containing the codons UUU or UUC were mixed with TCs of Phe-tRNAEFTuGTP, this aa-tRNA also bound to the ribosomes. An approximate molar equivalent of GTP was hydrolyzed with a rate (see below)
close to that expected (7) . A large fraction of the phenylalanine bound to the ribosomes was found in the form of a peptide ( Table 2 ). The same ribosomes mixed with TCs containing Leu-tRNA2 hydrolyze GTP more slowly and form peptide less efficiently. These findings point to the ability of the synthetic mRNA to form a true initiation complex and to selectively direct the binding of a cognate aa-tRNA to the vacant ribosomal A site (ribosomal aa-tRNA binding site).
To determine the rate at which aa-tRNA TCs react with the vacant ribosomal A site we mixed ribosome-mRNA-fMet- tRNA complexes (RS), made as described above, with excess TCs in a rapid mixing device (18) We measured the rate constants for the reaction of PhetRNA TCs with UUU and UUC-programmed ribosomes under a variety of conditions with the results shown in Table  3 . With ribosomes programmed with UUC the rate constant for GTP hydrolysis, kGTP(UUC), is consistently greater than that for the ribosomes programmed with UUU, kGTp(Uuu).
Although the ratio between the rate constants depends to some extent on the reaction conditions, the kGTp ratio is always between 1.6 and 1.9. In contrast, kpEP values on ribosomes programmed with UUU and UUC codons are very similar. We conclude that the two codons used to direct the incorporation of phenylalanine into proteins differ in their ability to make the ribosome bind phenylalanine TCs but do Table 3 ).
not affect the ability of that ribosome to subsequently incorporate bound Phe-tRNA into protein.
To determine whether ribosomes programmed with codons terminating in cytosine might generally react more rapidly than ribosomes programmed with codons terminating in uracil we did similar experiments on the reaction ofCUC-and CUU-programmed ribosomes with TCs of Leu-tRNA2. The results, also shown in Table 3 , indicate that ribosomes programmed with the CUC codon do react faster than ribosomes programmed with the CUU codon. Again, the kpEP values of these ribosomes do not differ significantly.
The kGp for UUC-programmed ribosomes reacting with a phenylalanine TC is similar to the kGTp for CUC-programmed ribosomes reacting with a Leu-tRNA2 TC, even though UUC is the major codon for phenylalanine and CUC is used comparatively rarely for leucine. To determine whether CUG, the major codon for leucihe, is any more effective than CUC in selecting Leu-tRNA TCs, we measured the rate of reaction of CUG-programmed ribosomes with Leu-tRNA, TCs. The result (Table 3) indicates that this rate constant is actually lower than that for ribosomes programmed by the minor codon. Table 3 shows that significant differences exist between the abilities of synonymous codons to direct incorporation of their cognate amino acid into nascent protein. All differences are in the rate of the GTP-hydrolysis reaction that accompanies aa-tRNA TC binding to the ribosome. The rates at which bound aa-tRNAs are incorporated into peptide do not Pederson (5) imply that a step whose rate depends on aa-tRNA concentration can become the rate-limiting step in protein synthesis (19) . In addition, a simple calculation of time taken for a ribosome to find a cognate aa-tRNA using the known concentrations of reactants and the rate constants measured here supports the idea that this time is a significant fraction of the total time needed to incorporate an amino acid. We assume that there are about 300,000 tRNAs (20) in a cell of average volume 2.5 x 10-15 liter (21) and that 75% of total tRNA is charged with an amino acid. Concentration of the Phe-tRNA, which represents -2% of the total, will then be about 3 uM. When =70% of this charged aa-tRNA is in the TC form and rate constants for TC selection in vivo resemble those measured in 5 mM Mg2e at 25°C, half the UUC-programmed ribosomes bind a Phe-tRNA complex in =14 msec, whereas UUU-programmed ribosomes require about 26 msec. The difference between these times is %20% of the average time of 60 msec taken for addition of a single amino acid to the nascent polypeptide chain under such conditions (20) . However, the most convincing evidence that synonymous codons differ in their ability to direct the incorporation of an amino acid in vivo comes from the unpublished work of J. Curran and M. Yarus.
DISCUSSION
These authors have measured the relative rates of translation of UUU, UUC, CUU, CUC, and CUG codons by taking advantage ofthe fact that the probability ofthe ribosome losing frame at these codons inversely relates to the rate at which they are translated. Their results show that a UUC codon is translated 1.3 times as fast as UUU and that CUC is translated 1.3 times as fast as CUU. They find that CUG is translated faster than CUU or CUC, but when the rates are adjusted for the relative concentration of tRNA'U and tRNA eu they find, as do we, that the CUC codon is translated more rapidly. One interesting feature of rate differences intrinsic to the structure of the translational apparatus is that these differences could explain why codon choice and tRNA pools have evolved to their present bias. However, to attribute this bias entirely to the greater translational efficiency of codons terminating in cytosine would be premature. An examination (ii) The former pairs of codons are all read exclusively by a single aa-tRNA the anticodon of which begins with guanine which, as we show above, reacts more rapidly with ribosomes programmed with codons terminating in cytosine. Thus, codon bias in favor of codons terminating in cytosine could reflect either a need for accuracy or a need for efficiency. A somewhat different perspective is provided by considering the bias in favor of codons terminating in uracil in some full boxes of the genetic code. The specificity of the translational apparatus is probably not different in full boxes because tRNA2eu shows the same specificity as tRNAPh .
However, this bias could result if codons ending in uracil react more readily than codons ending in cytosine with aa-tRNAs that have anticodons beginning with pyrimidines. This would shorten the time required to translate uracilending codons in full boxes. It would also explain the lower accuracy of uracil-ending codons in split boxes.
Mechanistic Significance of the Results. The mechanism of aa-tRNA binding to ribosomes is complex (10) (see Fig. 3 binding reaction is not simply the diffusion-controlled encounter of a TC with the ribosome (7). In a sense, this finding complements our observation that base substitutions in the anticodon loop of an aa-tRNA change k, for its reaction with ribosomes (24) .
Our results may indicate that both the aa-tRNA and the mRNA exist in several alternative states that have different properties and that interconvert with a rate comparable to the rate of TC binding to ribosomes. Alternatively, the binding reaction must be regarded as a complex process involving a mutual adaptation between codon and anticodon at a rate dependent on structure of the tRNA anticodon loop and the mRNA codon. Our observation that the rate constant for TC binding to ribosomes is first order in ribosomes over a 100-fold range of ribosome concentrations (7, 25) favors the latter explanation.
Our findings may relate to the greater affinity of tRNAPhe-(yeast) for UUC over UUU trinucleotides noted by Labuda and Porschke. These workers also reported that UUC is more able than UUU to promote a conformational change in the tRNAPhe(yeast), which is manifested as a tendency to dimerize (26, 27) . Although the tRNAs used are from different organisms, the parallel between relative ability of the two trinucleotides to bind to and change the tRNA and the ability of the corresponding codons to promote binding ofTCs to the ribosome supports the idea that a codon-induced conformational change in the tRNA is important in the translational process.
The physicochemical basis for the greater efficiency of codons terminating in cytosine is most obviously attributed to their forming three perfect base pairs with the anticodon, whereas the synonymous uracil-ending codons form one wobble pair. However, an alternate possibility is that when the codon is stacked imperfectly by the ribosome, the cytosine-ending codon more easily adopts a productive conformation upon encountering a TC.
